Background: Implantation of Kerboull acetabular reinforcement cross-plates (Kerboull plate) carries a risk for injury to vascular structures and pelvic organs. To our knowledge, there is no study assessing anatomical assessment related to this risk with this specific design. Therefore, we performed a prospective study to answer the following four questions: 1) What is the minimum distance and angle between the plate and iliac vessels? 2) What is the distance between the plate and the inner cortex of the ilium? 3) What is the ratio of views with muscle tissue present on the inner surface of the ilium? 4) What are the boundaries of the safe zone for transacetabular screw fixation for a Kerboull plate? Hypothesis: A safe zone for fixation screws would be defined by a narrow range of insertion angles. Materials and methods: This is a CT-based 3D templating prospective study. Simulations were performed for 18 patients fitted with a Kerboull plate. An original Kerboull plate (Stryker, Mahwah, NJ, USA) was placed at a 45
Introduction
Although the estimated prevalence rate of vascular injury during hip replacement is low (0.2-0.3%) [1, 2] , such injuries pose serious complications and are, therefore, important intrapelvic iatrogenic injuries [1, 3] . To lower the risk of vascular injury during plate implantation, researchers have described the relationship between normal pelvis anatomy and major intrapelvic vascular structures [4] . The usefulness of a defined safe zone for insertion of fixation screws is well established for total hip arthroplasty (THA) [5] and for the treatment of high developmental hip dysplasia [6] . Meldrum and Johansen [7] have described the anatomical relationship between major vascular structures for various metal implants used in THAs with large bone defects. To date, however, the relationship between the insertion angle of transacetabular fixation screws for the Kerboull acetabular reinforcement cross-plate (Kerboull plate) system and vascular injury has not been evaluated.
It is generally recommended that the Kerboull plate be placed at a 45 • abduction angle relative to the frontal plane of the pelvis [8] . Yet, various other angles of plate implantation and insertion of fixation screws have been described [9, 10] , with some of these angles likely to increase the risk for injury to vascular structures and pelvic organs. To our knowledge, there is no study assessing anatomical assessment related to this risk with this specific design. Therefore, we performed a prospective study to answer the following four questions:
• What is the minimum distance and angle between the plate and iliac vessels? • What is the distance between the plate and the inner cortex of the ilium? • What is the ratio of views with muscle tissue present on the inner surface of the ilium? • What are the boundaries of the safe zone for trasacetabular screw fixation for a Kerboull plate? Our hypothesis was that a safe zone for fixation screws would be defined by a narrow range of insertion angles.
Materials and methods

Study group
This is a CT-based 3D templating prospective study. The data was extracted from our institutional database including 451 patients who underwent THA at our hospital between 2011 and 2015. Sixty-four patients who underwent THA revision were excluded. Of the remaining 387 patients, 307 with osteoarthritis and 14 with rheumatoid arthritis were excluded owing to variation in pelvic anatomy. Of the 66 patients with normal pelvic anatomy, 48 were ineligible to receive a 53 mm Kerboull plate. The final analysis was therefore based on the data from 18 hips (10 males and 8 females) (Fig. 1) . The mean age of the patients was 55.9 ± 10.5 (range, 28-74) years, and the mean body mass index was 22.6 ± 4.4 kg/m 2 (range, 18.6-36.6) ( Table 1) . Eligibility for Kerboull plate fitting and confirmation of normal pelvic anatomy was confirmed by 6 surgeons for each patient. Patients provided informed consent for use of their data in this publication. All procedures were approved by the Institutional Review Board of our university.
Methods
To obtain anatomical data for the pelvis, patients underwent computed tomography (CT) imaging (CT LightSpeed VCT Series/Discovery CT750; GE Healthcare Japan, Tokyo, Japan). Data were transferred to a CT-based three-dimensional templating system (ZedHip, version 10.0.0.0; Lexi, Tokyo, Japan). All CT images were reviewed to confirm visibility and recognition of the external and internal iliac vessels, as well as the iliacus and psoas major muscles. 
Method of assessment
As the pelvic tilt varied, we used a local coordinate system on the pelvis, oriented relative to the anterior pelvic plane (APP), as a reference to implant the Kerboull plate under the same conditions in all patients. The APP is an anatomical plane defined by the anterior superior iliac spines and pubic tubercle. The following references were also used:
• the coronal plane, which is a functional plane defined as any vertical plane that divides the body into ventral and dorsal sections: • the X-axis, which is a line connecting the two anterior superior iliac spines; • the Z-axis, defined as the line passing through the pubic symphysis on the APP plane and perpendicular to the Z-axis; • the Y-axis, defined as the line vertical to the APP plane and passing through the midpoint of the anterior superior iliac spine. Reference planes and axes are shown in Fig. 2 .
The two alignments of the Kerboull plate, namely 45 • abduction angle relative to the X-axis (alignment 'A'), which is the recommended alignment by Kerboull et al. [8] , and the palette was placed vertically to the X-axis (alignment 'B') are shown in Fig. 3 . All measurements were performed on the right side. The original design of Kerboull plate (Stryker, Mahwah, NJ, USA) was oriented with the acetabular rim in the axial plane and the pelvic teardrop in the coronal plane for implantation. As the Kerboull plate has four holes, we used the centre of the plate as a reference for all measurements, and calculated the coordinates of this reference point to correct the position of the holes in the Kerboull-type plate template used in the simulation (Fig. 4 ). Simulations were performed for different scenarios of screw insertion: insertion toward the front or the back of the plate, with anterior-posterior (AP) angles ranging between +20 • and −20 • , and at different angles of insertion (or launch angles), ranging between 0 • and 45 • .
Alignment 'A', at a 45 • angle of abduction, caused a 20 • tilting of the plate toward the inner side of the ilium, with screws inserted parallel to the XY plane, at an angle of 20 • relative to the plate. For alignment 'B', with the plate vertically oriented, screws were inserted parallel to the XZ plane, from 0 • to 45 • with respect to the X-axis. We defined the axis of the inserted screw as the X'-axis and defined the X'Y plane for each angle of insertion. We also conducted simulations for insertion angles 10 • and 20 • either anterior (positive angles) or posterior (negative angles) to X-axis (i.e., AP angle of insertion). The difference in angle from the top and tip of the screw, relative to the X-axis, defined the launch angle (Fig. 5) . We first determined the shortest distance from the reference point at the centre of the plate to the external and internal iliac vessels, and the angle of these vessels, relative to the launch angle of screws, when present (Fig. 6A) . Subsequently, we measured the distance from the plate reference point to the inner cortex of the ilium. Finally, we calculated the proportion (ratio) of simulations in which muscles were identified on the inner surface of the ilium at the point of insertion of the screw into the inner cortex of the ilium (Fig. 6b) .
Statistical analysis
All lengths were measured to the closest mm. Data were recorded in an Excel ® sheet (Microsoft, Redmond, WA, USA) and • and 45
• relative to the X-axis; and (right) alignment 'B', with screws inserted at angle between 0
• and 45
• relative to the X-axis. subjected to statistical analysis. We compared distances and angles of fixation screws and major vascular structure between simulated scenarios using paired t-test, with a P-value < 0.05 indicative of statistical significance.
Results
The shortest distance from the reference point at the centre of the plate to each major iliac vessels is shown in Fig. 7 and summarized in Table 2 . The AP angles of identified vessels, relative to the launch angles of the screws, are shown in Fig. 8 and summarized in Table 3 . The length of the shortest distance increased as a function of increasing launch angle, with distances at a launch angle of 30 • of 54.9 ± 7.9 mm (range, 37.5-69.0 mm) for alignment 'A' and The distance from the centre of the plate to the ilium is shown in Fig. 7 and summarized in Table 2 . The distance increased with an increasing negative (posterior) AP angle, for all launch angles. All measurements were significantly different between the two alignments, with a 20-30 mm increase in distance for alignment 'A' compared to 'B'.
The proportion of simulations in which muscles were identified at the insertion point of the screw into the ilium is summarized in Table 4 . The ratio increased as a function of increasing launch angle. At a launch angle of 0 • , muscle tissue was identified in anterior direction only. With an increase in the angle of launch, the presence of muscle on the inner surface of the ilium increased (i.e., more muscle posterior to the fixation screw). For launch angles ≥ 30 • , there was a sufficient amount of muscle on the inner surface of the ilium to decrease the extent of invasion of the screw into the pelvis, with little invasion of the screw into the pelvis at a launch angle of 40 • . For a launch angle of 40 • combined with an AP angle of −20 • , there was an increase in proportion of screws directly inserted into the sacroiliac joint. Direct insertion into the sacroiliac crest was identified in 5/18 simulations for plate alignment 'A' and 10/18 for alignment 'B'.
Thus, the safe zone from transacetabular screws would be insertion at a launch angle ≥ 40 • , with the AP angle between 0 • and −10 • .
Discussion
This is the first study assessing the safe zone for implantation of transacetabular screws for the fixation of a Kerboull cross-plate during THA. During fixation, the external iliac, internal iliac and obturator vessels are at the greatest risk of injury due to their proximity to the acetabulum [8] [9] [10] [11] . Launch angles ≥ 30 • increased the distance between the plates and the vascular structures. In particular, at launch angles ≥ 40 • , with an AP angle of 0 • , the distance to the vascular vessels was twice as long as the distance to the inner cortex, which was sufficient to reduce the risk of vascular injury. These results were consistent for the two simulated alignments of the Kerboull plate. Therefore, a general recommendation for using a launch angle ≥ 40 • relative to the X-axis can be made to reduce the risk of vascular injury.
Our study has some limitations. Foremost, the safe zone of launch angles was evaluated only for Asian patients with normal pelvic anatomy. Consequently, the identified safe zone may not be applicable to patients either with significant acetabular dysplasia or severe acetabular bone loss. Clinically, however, Kerboull crossplates are actually used in cases of THA revision where acetabular deformity is expected. As this deformity process develops over time in these patients, we believe that the distances between vascular structures and the inner cortex of the ilium would be roughly the same as those we identified in patients with normal pelvic anatomy. As well, we only evaluated one type of Kerboull plate system, with variations being available to accommodate different acetabular cup dimensions. We also did not consider the effect of bone grafting in our simulations, which would change measured distances to the inner cortex of the ilium and defined reference values would not be applicable. However, the measured distances of vascular structures would not be altered and, therefore, this information would still be useful.
In normal pelvic anatomy, the ilium is rotated toward the anterior plane of the pelvis. Therefore, when the plate is inserted at plate alignment 'A' and 'B', the distance from the plate to the inner cortex of the ilium is longer for screws inserted toward the posterior edge of the plate compared to screws inserted toward its anterior edge. At AP angles of −10 • and −20 • , we identified cases in which screws were directly implanted into the sacroiliac joint. Consequently, we do not recommend insertion of screws at AP angles of −10 • to −20 • due to the increased risk for nerve damage.
An important feature of our simulation was measurement of the effect of muscles located on the inner surface of the ilium, namely the iliacus muscle, which covers interior surface of the ilium and the large psoas muscle, which is more deeply located. The presence of muscles on the inner surface of the ilium is important to provide a buffer for the screws prior to invasion into the pelvis. The presence of muscles increased as the launch angle increased. In fact, we reported that at launch angles ≥ 40 • , screws would not directly invade the pelvis, independent of the AP angle of insertion.
The over-arching goal when inserting transacetabular screws is to prevent injury to vascular and neural structures and to the organs of the pelvic region [1, 11] . Therefore, the safe zone we reported was defined to prevent such iatrogenic injuries. The risk for vascular injury can be significantly lowered by using launch angles ≥ 40 • that increase the distance between the screw and the vascular structures. Moreover, the presence of muscle tissue on the inner surface of the ilium lowers the risk for injury to the pelvic organs. Therefore, we recommend insertion of screws at launch angles ≥ 40 • . Moreover, as a larger distance between the plate and the inner cortex of the ilium provides better fixation, screws should be inserted in an AP direction. However, in this case, the risk of nerve injury caused by inserting screws toward the sacroiliac joint must also be considered. Hence, we recommend that screws be inserted at an AP angle between 0 • and −10 • (posterior direction). In selecting an optimal length for screws, we need to consider an invasion of about 5 mm into the inner cortex of the ilium for stable fixation. Therefore, using launch angles ≥ 40 • , a reference length of 35 mm for screws would be needed when the plate is aligned in 45 • of abduction and about 55 mm when aligned vertically along the X-axis.
We identified a safe zone for transacetabular screw fixation for a Kerboull acetabular reinforcement cross-plate, balancing the need for fixation with the need to minimize the risk of injury to vascular structures and to organs of the pelvis. The results are similar to our hypothesis. We recommend insertion of the fixation screws at a launch angle of ≥ 40 • , with an AP angle between 0 • and 10 • taking into account both fixation and safety.
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